In this work a novel molecularly imprinted optosensing material based on multi-walled carbon nanotubes-quantum dots (MWCNTs-QDs) was synthesized for highly selective and sensitive specific recognition of the target protein bovine serum albumin (BSA). Molecularly imprinted polymer coated MWCNTs-QDs using BSA as the template (BMIP-coated MWCNTs-QDs) exhibited a fast mass-transfer speed (the response time was 25 min). It was found that the BSA as target protein can remarkably quench the luminescence of BMIP-coated MWCNTs-QDs in a concentration-dependent manner that was best described by a Stern-Volmer equation. The K SV for template BSA was much higher than bovine hemoglobin (BHb) and lysozyme (Lyz), implying a highly selective recognition ability of the BMIPcoated MWCNTs-QDs to BSA. Under optimal conditions, the relative fluorescence intensity of BMIPcoated MWCNTs-QDs decreased linearly with the increasing target protein BSA in the concentration in the range of 5.0×10 -7 -35×10 -7 M with a detection limit of 80 n M.
Introduction
With the rapid development of proteomics research, better understanding of the structure function of living organisms at the molecular level through studying the function of newly discovered proteins in cells is highly significant. [1] [2] Proteomics involves the detection and identification of proteins concentration of which can cover a very wide range. Traditionally, it is very difficult to detect low abundance proteins that often have significant biological functions in the presence of high concentrations of other components. The classical method of immunoassay employs antibodies which usually have several fundamental limitations including chemical and physical instability, unease of preparation, and high manufacturing cost. [3] In this respect, alternative artificial biomimetic receptors, such as molecularly imprinted polymers (MIP), exhibit unique potential to apply in the field of protein recognition. [4] [5] [6] MIP, generally prepared by molecularly imprinted technique (MIT), is a synthetic material with an artificially generated three-dimensional network that can re-bind to specific target molecule. [7] [8] [9] [10] Protein-imprinted materials have specific recognition sites formed through interaction with template proteins, which direct the positioning and orientation of the structural components of the materials. [5] [6] While the imprinting of small molecules is straightforward, the preparation of MIP against biomacromolecules, such as proteins, still remains some challenges due to the features of the protein such as large molecular size, flexible structure and many functional groups. [2, [11] [12] Therefore, it is vital to develop highly selective and efficient analytical approach for identifying and quantifying proteins through MIT. Protein-imprinting can be divided in several categories including bulk [13] , particle [14] [15] , epitope or aspira partial [16] , and surface imprinting [17] [18] [19] . Among the approaches above, surface imprinting offers unique potentials, which is achieved by attaching the protein template to the surface of a substrate (flat or spherical) with subsequent polymerization around it. This technique successfully places binding cavities on or near the substrate surfaces, solving the problems of restricted mass transfer and facilitating removal of the template, but the density of surface binding sites is still limited due to the small surface area to volume ratio of these conventional MIP. [17] [18] Nanomaterials, which possess unique characteristics of large surface-to-volume ratio and size-related physical and chemical properties, are now among the most researched alternatives to overcome the drawbacks associated with conventional MIP. Recently, molecular imprinting of nanomaterial surfaces has been extended to the imprinting of proteins. These nanostructured MIPs enable complete removal of templates, better site accessibility, reduction of effect of mass transfer resistance, and have a well-defined shape. [20] [21] Quantum dots (QDs), also known as semiconductor nanocrystals, have found preliminary applications in optical and electronic devices [22] [23] , chemical sensors [24] , light emitting diodes [25] [26] , photovoltaic devices [27] [28] and biological imaging and sensing [29] [30] [31] [32] [33] [34] [35] due to the unique chemical, physical and optical properties. The combination of QDs with highly selective MIP has recently attracted considerable attention as the composite materials exhibiting both highly specific recognition from MIP and sensitive signal amplification and optical readout characteristic from QDs. [36] [37] Although these materials have distinctive advantages, there are still some drawbacks such as long response time and poor fluorescence signal stability.
Herein we design and synthesize a novel molecularly imprinted optosensing materials based on multiwalled carbon nanotubes-QDs (MWCNTs-QDs) attempting to overcome the above disadvantages. While the composites of MWCNTs-QDs have exhibited enhanced photocatalysis and photocurrent in electrochemical sensing, very little attention has been paid to optosensing determination of analytes, especially for protein. Why would MWCNTs be applied into this study? MWCNTs have been extensively exploited for biomedical applications due to their unique intrinsic physical and chemical properties.
Moreover, MWCNTs have been considered as an ideal matrix for the synthesis of MWCNTs-based nanohybrids for biomedical applications because of their large surface area to load nanoparticles in a onedimensional direction, preventing the aggregation of nanoparticles in solution. [38] [39] [40] [41] The utilization of MWCNTs as building blocks for nanodevices can readily be realized. Therefore, by combining the attractive tubular structure with its fluorescent property, the QD-decorated carbon nanotube can be an ideal candidate for a multifunctional nanomaterial. [42] [43] To improve the solubility and stability of the MWCNTs in aqueous phase, polyethylenimine (PEI) was chosen to modify carboxylated MWCNTs to obtain PEI functionalized MWCNTs (PEI-MWCNTs) through a covalent connection approach. Heterojunctions of QDs and MWCNTs could become better alternatives for the synthesis of nanoscale devices.
The introduction of CdTe/CdS QDs nanoparticles to the sidewalls of MWCNTs is achieved through the formation of covalent bonds between MWCNTs and QDs. Then the fluorescence sensor to target protein bovine serum albumin (BSA) was accomplished by protein-imprinting based on the MWCNTs-QDs nanohybrids via sol-gel method.
The response of the intensity of fluorescence signal and the application capability of BMIP-coated QDs (molecularly imprinted polymer coating CdTe/CdS QDs using BSA as the template) and BMIPcoated MWCNTs-QDs (molecularly imprinted polymer coating MWCNTs-QDs nanohybrids using BSA as the template) were researched in a series of experiments including adsorption capacity study, timedependent fluorescence responses, optosensing of protein as well as specific study. 
Materials and methods

Materials and chemicals
Characterization
Fluorescence measurements were performed on a QM/TM spectrofluorometer (PTI, USA) equipped with a 1×1 cm 2 quartz cell. The slit widths of the excitation and emission were both 3.0 nm, and the excitation wavelength was set at 380 nm. Confocal laser scanning microscopy (Carl Zeiss LSM 700, Jena, Germany) was used to study the luminescence behavior of the fluorescent materials. Ultraviolet-visible (UV-vis) spectra (200-800 nm) were recorded on a Lambda 35 spectrophotometer (PerkinElmer, USA).
Morphology and composition of the materials were characterized using high resolution transmission electron microscopy (HRTEM) and energy dispersive spectrometer (EDS) on a JEM-2100F microscope (JEOL, Tokyo, Japan). Transmission electron microscope (TEM) images were obtained on a JEM-2100 microscope (JEOL, Tokyo, Japan). Fourier transform infrared (FT-IR) spectra (4000-400 cm −1 ) in KBr were recorded on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher, USA).
Preparation of CdTe, CdTe/CdS QDs and MWCNTs-QDs
The water-soluble CdTe/CdS QDs were synthesized on the basis of a previous publication with slight modifications. [44] For the preparation of MPA-capped CdTe cores, 0.25 mmol CdCl 2 · 2.5H 2 O and 52 µL (0.6 mmol) MPA were dissolved in 200 mL of water to get a precursor solution followed by adjusting the pH value to 8.5 using 1 M NaOH solution. After N 2 was bubbled through the solution for 30 min, 4 mL of freshly prepared NaHTe solution from NaBH 4 (0.75 mmol) and Te (0.375 mmol) powder was added to the above precursor solution under continuous stirring. Finally, the complex solution with a faint yellow color was refluxed at 100°C for 60 min. The as-prepared CdTe solution was concentrated to a quarter of the original volume and CdTe QDs were precipitated with 2-propanol and collected using centrifugation.
The colloidal precipitate was re-dissolved in ultrapure water (3 mL) and used as CdTe core to inject into the N 2 saturated CdS solution (200 mL The as-prepared CdTe/CdS solution was concentrated to a quarter of the original volume and CdTe/CdS QDs were precipitated with 2-propanol and collected using centrifugation. The colloidal precipitate was re-dissolved in ultrapure water and used in the next step.
A typical synthesis of MWCNTs and CdTe/CdS QDs nanohybrids was as follows. Firstly, the asreceived MWCNTs-COOH were covalently functionalized with PEI under sonication for 24 h using EDC·HCl as coupling agent in DMSO solution. The obtained PEI-MWCNTs solution was dialyzed for 3 days to remove excess chemicals. Secondly, the as-prepared CdTe/CdS solution was added to EDC·HCl/NHS mixture solution in a molar ratio of 1:1, and stirred for 30 min to activate the carboxyl groups on the surface of CdTe/CdS QDs. Moreover, PEI-MWCNTs were added into the above-mentioned solution under sonication for 24 h to covalently couple CdTe/CdS QDs onto the surface of the PEIMWCNTs, denoted as MWCNTs-QDs nanohybrids. [45] 2.4 Synthesis of fluorescent BSA imprinted artificial sensors BMIP-coated QDs were prepared based on the previous report [46] , to a 50 mL flask, 20 mg of template protein BSA, 20 mL of CdTe/CdS QDs and 80 µL of APTES were added and stirred for 30 min.
TEOS (120 µL) followed by 200 µL of the NH 3 ·H 2 O ((w/v) 25%) were added and stirred for a further 12 h at room temperature. After the reaction, the resultant BMIP-coated QDs were centrifuged and washed with deionized water to remove the absorbed oligomers and unreacted monomers. The BMIP-coated QDs were then washed repeatedly with 0.5% Tri to remove the template until no BSA in the supernatant was detected at λ = 280 nm by UV-vis spectroscopy. Finally, the precipitate of BMIP-coated QDs were redispersed in phosphate buffer solution and then stored at 4 °C prior to use. The non-imprinted polymer coated QDs (NIP-coated QDs) were synthesized in parallel but without the addition of the template molecule.
BMIP-coated MWCNTs-QDs were prepared as follows: to a 50 mL flask, template protein BSA (20 mg), MWCNTs-QDs nanohybrids (20 mg), APTES (80 µL) and water (20 mL) were added and stirred for 30 min. Then, TEOS (120 µL) was added. Next, 200 µL of the NH 3 ·H 2 O ((w/v) 25%) was added and stirred for 12 h in room temperature. After the reaction, the resultant BMIP-coated MWCNTs-QDs were centrifuged and washed with deionized water to remove the absorbed oligomers and unreacted monomers.
Then the BMIP-coated MWCNTs-QDs were washed with 0.5% Tri, which was repeated several times until no template was detected by UV-vis spectroscopy at λ = 280 nm. Finally, the precipitate of BMIPcoated MWCNTs-QDs were re-dispersed in phosphate buffer solution and then stored at 4 °C prior to use.
The NIP-coated MWCNTs-QDs were prepared using the same procedure but without the addition of the template molecule.
Results and discussion
Synthesis and characterization of BSA imprinted artificial sensors
The design of the sensor of BMIP-coated MWCNTs-QDs is based on the fact that the MWCNTs-QDs nanohybrids act as antennae for recognition signal amplification and optical readout, while the MIP shell provides analyte selectivity and prevents interfering molecules from coming into contact with the antennae. Scheme for synthesizing BMIP-coated MWCNTs-QDs was shown in Fig. 1 . The MIP silica shell was prepared via a surface molecularly imprinting technique. [47] In this sol-gel reaction, APTES was used as a functional monomer which had a non-covalent interaction with the template protein to form the complexes. Then the resultant complexes were reacted with TEOS which was used as the cross-linker and NH 3 ·H 2 O as a catalyst to accelerate the reaction process. The resultant silica shell was an ideal polymeric material with highly rigid matrix and hydrophilic surface. After eluting the template molecules, recognition cavities complementary to the template molecule in shape, size, and chemical functionality were formed in the cross linked polymer matrix. BMIP-coated QDs was prepared using the same procedure replacing MWCNTs-QDs with CdTe/CdS QDs. Before synthesis of MIP shell on the surface of the nanohybrids, we prepared the CdTe/CdS QDs and MWCNTs-QDs nanohybrids firstly. Most of the artificial sensors, reported so far, were prepared based on CdTe QDs which exhibited poor optical properties. [48] In addition, it also required a longer time to obtain CdTe QDs with a long emission peak wavelength using an aqueous strategy. It was necessary to construct a CdS shell on the surface of CdTe core to improve the luminescent stability and robustness of the QDs.
Moreover, it could reduce the synthesis time to obtain the CdTe/CdS QDs with a long emission peak wavelength as well as excellent optical properties. As shown in Fig. 2(a) and (d) , compared to that of CdTe QDs, the fluorescence band of CdTe/CdS QDs shifted to 574 nm from 520 nm of CdTe QDs within 120 min of refluxing time. For MWCNTs-QDs, firstly MWCNTs were covalently functionalized with PEI with amine groups being terminated on their surface (more details were shown in Fig. S1 ). Then the carboxyl modified CdTe/CdS QDs were attached on the surface of the PEI-MWCNTs by a dehydration reaction between the amine and carboxyl moieties using EDC·HCl/NHS as agents. Fig. 2(a) and (e) also showed the fluorescence spectra and confocal fluorescence image of MWCNTs-QDs nanohybrids. The MWCNTs-QDs exhibited a strong emission band at 576 nm and shifted about 2 nm upwards comparing to that of free CdTe/CdS QDs. This effect was also observed in other CNT-QDs nanohybrids. [49] [50] [51] It is believed that the redshift was probably caused by a decreased quantum confinement of QDs and a different surrounding environment of QDs in the MWCNTs-QDs nanohybrids. Fig. 2(c) . Similarly, the fluorescence intensity of BMIP-coated MWCNTs-QDs was also quenched when the template was re-bound to the sensors, after the template was extracted from the composites and the fluorescence intensity of BMIP-coated MWCNTs-QDs recovered. It could be seen from Fig. 2(a), (b) , (c) that there were red-shift of the emission peak after the formation of silica shell on the surface of the QDs and nanohybrids (578 nm of BMIP-coated QDs from 574 nm of CdTe/CdS QDs, 582 nm of BMIP-coated MWCNTs-QDs from 576 nm of MWCNTs-QDs). This was due to the reduction of quantum size effect by the silica shell, thus causing a red-shift of the photoluminescence maximum. [52] Moreover, the confocal fluorescence images clearly exhibited a strong yellow light between 570 and 590 nm in all QDs products prepared in this study. The TEM images of the CdTe/CdS QDs, MWCNTs-QDs, BMIP-coated QDs, and BMIP-coated MWCNTs-QDs were presented in Fig. 3(A) . As shown in Fig. 3(A) (a) and (b) , the CdTe/CdS QDs and BMIP-coated QDs were spherical in shape and nearly uniform in size, and the diameter of the silica nanospheres embedded QDs was about 70-80 nm. Fig. S1(a) and (b) showed the morphological and structural characterization of the PEI-MWCNTs before CdTe/CdS QDs were attached onto the surface of the PEI-MWCNTs. From Fig. S1(a) of the PEI-MWCNTs, the entangling degree was very much reduced, with a large percentage of individual nanotubes being present. Fig. S1(b) showed that MWCNTs were fully covered by a uniform amorphous polymer layer after the PEI functionalization. The MWCNTs-QDs nanohybrids were obtained through attaching CdTe/CdS QDs onto the surface of the PEI-MWCNTs (Fig.   3(A) (c) ). Fig. 3(A) (d) showed the morphology of the prepared BMIP-coated MWCNTs-QDs .
The EDS measurements (Fig. 3(B) ) of BMIP-coated QDs, NIP-coated QDs, BMIP-coated MWCNTsQDs and NIP-coated MWCNTs-QDs revealed that C, O and Si were present. These results indicated that the copolymers were generated from the sol-gel condensation of APTES and TEOS.
FT-IR spectra of BMIP-coated QDs, NIP-coated QDs, BMIP-coated MWCNTs-QDs and NIP-coated MWCNTs-QDs were shown in Fig. 3(C) . The strong and broad peak at around 1068 cm -1 indicated the Si-O-Si asymmetric stretching. The moderate peak at around 789 cm -1 was ascribed to the vibration of Si-O groups. The bands at around 2941 cm -1 were the C-H stretching bands. The peaks at around 3230 cm -1 and 1540 cm -1 were ascribed to N-H stretching band, suggesting the presence of APTES in the obtained MIP. The presence of all these bands showed that the MIP generated from sol-gel condensation was grafted on the surface of the QDs or MWCNTs-QDs nanohybrids. Fig. 4(b) , there was an immediate decrease in fluorescence intensity after the addition of BSA to the four composites solutions. Compared to the NIP-coated composites, the BMIPcoated QDs showed a significant initial decrease in fluorescence intensity, but it took around 36 min to obtain a stable fluorescence intensity, indicating that the system had reached adsorption-desorption equilibrium . However, it took only about 25 min for BMIP-coated MWCNTs-QDs to obtain stable intensities, which was lower than the stable point for BMIP-coated QDs, indicating a strong fluorescence quenching due to the interaction between BSA and this sensor. The faster mass-transfer speed of BMIPcoated MWCNTs-QDs can be ascribed to the high volume of efficient surface area and high target recognition efficiency of the MWCNTs-QDs nanohybrids. Thus the response time of BMIP-coated MWCNTs-QDs as well as NIP-coated composites were set at 25 min and that of BMIP-coated QDs at 40 min. 
Specificity study
To evaluate the selectivity of the sensors to the template BSA, several common proteins such as BHb and Lyz were selected for this specificity study. The linear Stern-Volmer relationships obtained for these proteins interacting with BMIP-coated or NIP-coated composites were shown in Fig. S3 . The changes of fluorescence intensity of the fluorescence probes for template BSA were more obvious than its competitors of BHb and Lyz (shown in Fig. S3(a) ). As shown in Fig. 7(a) , the K SV of BMIP-coated MWCNTs-QDs for template BSA was determined to be 0.5348, which was larger than that of 0.1098 and 0.0876 for BHb and Lyz respectively. Meanwhile, the BMIP-coated MWCNTs-QDs exhibited larger K SV for the template BSA than that of BMIP-coated QDs. The K SV of BMIP-coated QDs for BSA was 0.3869, which was larger than that of BMIP-coated QDs for BHb (Ksv=0.1512) and Lyz (Ksv=0.1019). Although Lyz is small enough to get into the recognition sites, the imprinted cavities are not complementary to the Lyz, so it is unlikely to quench the fluorescence of the sensors. For the protein of BHb, although its molecule weight is close to that of BSA, its size，shape and functionality are not complementary to the recognition cavities. The results showed that the interaction intensity between BHb (or Lyz) and the imprinted cavities was much weaker than that of the template BSA. From Fig. S3(b) and Fig. 7(a) 3.6 Possible fluorescence quenching mechanism of target protein on the biomimenic sensors To understand the changes in fluorescence intensity due to target protein binding, the fluorescence quenching mechanism was investigated. In the current study, the recognition behaviors of the BMIPcoated QDs and BMIP-coated MWCNTs-QDs were studied via the changes of the fluorescence intensity based on the fluorescence quenching between BSA and these sensors. As revealed by the UV-vis absorption spectra in Fig. 8 , the UV absorbance of BSA was close to the band gap, but further away from the emission spectrum of the BMIP-coated sensors. The charges of the conduction bands of the BMIPcoated sensors could transfer to the lowest unoccupied molecular orbital of BSA. The possible mechanism of energy transfer for the fluorescence quenching was excluded due to no spectral overlap between the absorption spectrum of the BSA and the emission spectrum of the sensors. From the above analysis we can conclude that electron transfer from the sensors to the protein was responsible for the mechanism of fluorescence quenching. [54] Fig. 8 UV-vis spectra of BMIP-coated MWCNTs-QDs (a), BMIP-coated QDs (b) and BSA solution (c).
Conclusions
We have developed a novel strategy to construct the MIP-based fluorescent sensor by combining the fluorescence superiority of CdTe/CdS QDs which were loaded on the surface of MWCNTs and the specific recognition of MIP. The introduction of MWCNTs has enhanced the template selectivity, fluorescence stability and mass-transfer efficiency of the sensor BMIP-coated MWCNTs-QDs towards target molecule BSA compared to BMIP-coated QDs without MWCNTs in the study. The novel biomimetic sensor obtained through this work may provide opportunities to develop a system that is efficient and effective and has potential in the design of highly effective synthetic fluorescent sensor for recognition of target protein.
